assayed by dicentric stability and transcriptional readthrough assays (Doheny et al., 1993) . Like hhf1-20, cse4-103 cells also arrest in mitosis at restrictive temperature. The mitotic arrest of both mutants is mediated by the spindle/kinetochore checkpoint, consistent with a specific deficit in centromere function (Smith et al., 1996 ; data not shown).
We first examined the structure of CEN3 in mutant and wild-type cells using the nuclease sensitivity assay devised by Saunders et al. (1988) (Figure 1A ). The naturally occurring cluster of DraI restriction sites in the CDEII region of CEN3 is normally protected from nuclease digestion due to the presence of the centromere/kinetochore protein complex. Detrimental mutations in the CEN DNA or depletion of the core histones H2B or H4 increases the accessibility of CDEII to DraI endonuclease digestion (Saunders et al., 1988 (Saunders et al., , 1990 .
As can be seen in Figure 1B , the DraI sites within CDEII of CEN3 were inaccessible from wild-type cells grown at 37ЊC. In hhf1-20 cells grown at the permissive temperature of 28ЊC, the CDEII region was slightly more accessible with about 9% digestion. However, at the restrictive temperature of 37ЊC, this increased to 30%-37% cleavage, indicating a significant change in centromere accessibility. Similar results were obtained for cse4-103 ( Figure 1C ). At restrictive temperature, the CDEII centromere chromatin structure became very accessible to DraI digestion with as much as 36% of molecules digested at the highest enzyme concentration tested as compared to 4% for the wild type.
We reasoned that if the disruption of centromere chromatin structure plays a causative role in the Ts pheno- To test directly whether Cse4p is localized to centroor 37ЊC for 2 hr. Nuclei were prepared and treated with 50, 100, and meric regions in vivo, we used in vivo cross-linking fol-150 U/ml of DraI endonuclease as indicated above the gel lanes. A Southern blot analysis of the HindIII-EcoRI double digest is shown.
lowed by chromatin immunoprecipitation. Using this Figure 2A , CEN3 and CEN16 DNA fragments
The budding yeast centromere kinetochore complex, were strongly enriched in anti-HA immunoprecipitates as visualized by nuclease protection, is flanked by orprepared from the CSE4-HA strain, as compared to the dered nucleosomes that extend over ‫1ف‬ kb on either untagged strain or to mock-treated controls. The level side of the CEN DNA (Bloom and Carbon, 1982) . Given of enrichment was comparable to that obtained with that Cse4p shares homology with histone H3 and genetianti-Mif2p. Noncentromeric loci were not enriched (Figure 2A and data not shown) . Thus, Cse4p specifically cally interacts with histone H4, it seemed likely that Cse4p would be found in these centromere-proximal nucleosomes. To more finely map the extent of the Cse4p-CEN DNA interaction, potential enrichment of DNA sequences immediately flanking either CEN3 or CEN16 was assessed. As shown in Figure 2B , the Cse4-HAp-CEN DNA interaction is actually confined to the immediate vicinity of the CEN DNA, as has been observed for Mif2p, Ndc10p, and Cbf1p (Meluh and Koshland, 1997 ). This result is consistent with the notion that a single specialized Cse4p-containing nucleosome resides at the CEN DNA in vivo.
Cse4-HAp Localization
As Cse4p is structurally related to histone H3, a general DNA-binding protein, it was possible that Cse4p binds at other chromosomal loci that were not monitored in the cross-linking experiments. We reasoned that if this were the case, Cse4p would be generally nuclear; whereas, if Cse4p interacts primarily with centromeric regions, its distribution would be more restricted. Thus, it was of interest to determine the intracellular localization of Cse4p.
The distribution of Cse4-HAp in asynchronously grown CSE4-HA cells was determined by indirect immunofluorescence using an anti-HA antibody ( Figure 3 ). This analysis revealed a discrete, subnuclear staining pattern that varied with respect to cell cycle stage. In unbudded and small budded cells (i.e., early in the cell cycle), a single focus of staining in the vicinity of the spindle pole body (SPB) was observed. In cells with short spindles (i.e., sequences during the cell cycle, as established by fluowere analyzed by PCR with primers specific for CEN3 (244 bp), rescence in situ hybridization (Guacci et al., 1993 (Guacci et al., , 1997 CEN16 (345 bp), or three noncentromeric loci on yeast chromosome or by in vivo GFP tagging of chromosomes (Straight et III (249, 289, and 315 bp) . The latter correspond to the LEU2 coding al., 1997). Thus, by indirect immunofluorescence, as well region and two AT-rich intergenic regions on chromosome III (see Meluh and Koshland, 1997 core structure (Bloom and Carbon, 1982) . Finally, our indirect immunofluorescence results show that Cse4p is DNA in a sequence-independent manner ( Figure 4A ) (Espelin et al. 1997 ). In the model, Ndc10p binding actually not generally distributed throughout the chromosomes spreads around the spatial center of CEN DNA, exand suggest that it may be exclusively localized to CEN tending antiparallel to CDEII on the adjacent turn of the DNA. Thus, we conclude that at least two histone pro-DNA superhelix, perhaps serving to secure the DNA teins, histone H4 and Cse4p, are components of funcaround the histone core ( Figure 4B ). tional centromeres in budding yeast, perhaps acting in the context of a specialized nucleosome. Biological Implications A model for such a structure is shown in Figure 4 . To
Regardless of the specific model, our experimental reconstruct the model, CEN3 DNA was wrapped around sults raise two intriguing biological questions. First, why a histone core in a left-handed superhelix with the same should the function of the core centromere depend on dimensions and helical pitch as a standard nucleosome. a histone protein complex? Second, why should this With the nucleosome constrained to lie within the known structure require a specialized histone H3? Mitotic chrolimits of nuclease protection for the core centromere, mosomes are subjected to significant force from the the CDEIII concensus is located on the surface of the spindle during segregation (Nicklas, 1983; Jannink et histone octamer ( Figure 4B) . Thus, the rotational posial., 1996) . A histone complex would provide a large but tion of the DNA is limited by the Cep3p subunits of compact surface for the interaction of the kinetochore CBF3, which bind to the major groove at two sites within proteins with CEN DNA. It would also provide for addi-CDEIII on one face of the DNA (Espelin et al., 1997) . The tional interactions not available in a linear DNA structure. translational position of the DNA is restrained by Cbf1p, That is, by winding CEN DNA around a core histone which binds to CDEI and bends the DNA roughly 70Њ complex, adjacent turns of the DNA are secured on their toward the major groove (Niedenthal et al., 1993) . The inner surface through histone interactions and on their configuration shown in Figure 4B best accommodates outer surface by CEN DNA-binding proteins. Finally, the this Cbf1p/CDEI complex and assures the rotational histone complex would provide a smooth superhelical freedom of the complex implied by the 3-4 bp length path for the DNA, preventing kinks and other severe heterogeneity of natural CDEII elements.
deformations when force is applied to the kinetochore. This model provides explanations for three unusual Why should this structure require Cse4p rather than features of the yeast centromere. First, it explains the the major histone H3 protein? As a consequence of genetic interactions between CDEI and CDEIII and their having Cse4p and H4 within the core centromere, CBF3 associated proteins, sites separated by over 80 bp of must bind to CDEIII in the context of a histone-DNA DNA (Murphy et al., 1991; Niedenthal et al., 1991; Sorger complex (for example, Figure 4 ). The major binding et Meluh and Koshland, 1995) . Wrapping the specificity of CBF3 is conferred by Cep3p, a member of CEN DNA around a histone core brings CDEI and CDEIII the Zn2/Cys6 DNA-binding protein family that includes together such that Cbf1p could physically interact with Gal4p (Lechner, 1994; Strunnikov et al., 1995) . One role CBF3. Second, it provides an explanation for the unusual of Cse4p may be to provide a specialized N-terminal length conservation of CDEII. Insertions and deletions domain or modified histone complex that can facilitate of CDEII would disrupt the position and rotational orienthe assembly of CBF3 on histone-bound CDEIII DNA tation of Cbf1p, both of which play a role in its function and improve the stability of the ternary complex. (Cumberledge and Carbon, 1987; Gaudet and Fitzgerald-Hayes, 1987; Niedenthal et al., 1993) . Third, it exRelationship to Mammalian Centromeres plains the puzzling functional asymmetry of CDEIII in
The simplicity of the CEN DNA elements in S. cerevisiae and the lack of obvious CBF3 homologs in mammalian which Ndc10p spreads downstream away from CEN eukaryotic centromeres has not revealed any short, unique DNA consensus sequence common to all centromeres in a given organism (reviewed in Karpen and Allshire, 1997; Wiens and Sorger, 1998) . Thus, answers to questions of centromere identity in higher eukaryotes may be found among the cis-and trans-acting determinants of CENP-A targeting in human cells (Shelby et al., 1997) . Given the emerging structural similarities between yeast and human centromeres, we anticipate that future studies aimed at defining the structural requirements for the Cse4p-CEN DNA interaction in budding yeast will likewise provide insight into the general mechanism whereby functional centromeres are specified.
Experimental Procedures

Media and Strains
All DNA and bacterial manipulations were by standard protocols (Sambrook et al., 1989) . Yeast growth media, as well as transformation, sporulation, and DNA isolation protocols were carried out as described previously (Rose et al., 1990 ). The cse4::LEU2 disruption allele was made by replacing the 415 bp EcoRV-SphI fragment within the CSE4 gene with a 2.1 kb LEU2 fragment. The CSE4-HA epitopetagged allele was constructed by inserting a 138 bp XbaI fragment encoding three copies of the hemagglutinin eptiope at the XbaI site in CSE4. The resulting gene encodes 275 amino acid residues, in which the triple epitope occurs after codon 81 of the normal CSE4 coding region. This allele is similar to that described previously Figure 4 . Nucleosome Model for Centromere Chromatin Structure (Stoler et al., 1995) . Yeast strain MSY559 is MATa HHT1 HHF1 ura3-(A) Key features of the structure of CEN3 and its interactions with 52 leu2-3,-112 lys2⌬201 ⌬(hht2 hhf2). MSY554 is isogenic to DNA-binding proteins are shown. The model is based on the DNA MSY559, except it carries the hhf1-20 allele at the H4 locus. MSY691 sequence of chromosome III from bp 113969 to 114218; increments is isogenic to MSY554 and in addition contains the CSE4 gene on of 50 bp are marked below the DNA. The upper model indicates the a high copy URA3 2 plasmid. PM1200 is MAT␣ cse4::LEU2 ura3-positions of the conserved DNA elements and the extent of the 52 leu2-3,-112 trp1 his3⌬200 and expresses CSE4 from a TRP1/ minimal CBF3 footprint (Lechner and Carbon, 1991; Espelin et al., CEN/ARS plasmid. PM1201 is isogenic with PM1200, except it ex-1997). The lower model illustrates the interactions of CEN3 DNA presses the CSE4-HA allele. Growth of the two strains was indistinwith known DNA-binding protein complexes and the bending of the guishable at 23ЊC, 30ЊC, and 37ЊC. Cbf1p/CDEI complex (Niedenthal et al., 1993) . The structure of CBF3 is shown for the extended footprint of Ndc10p subunits at CDEIII Centromere Chromatin Structure (Espelin et al., 1997) . The approximate extents of DNaseI and microThe integrity of CEN3 chromatin structure was examined by measurcoccal nuclease protection are also shown.
ing the protection of CDEII from restriction endonuclease digestion (B) Model of a specialized centromeric nucleosome. The CEN3 DNAessentially as described by Saunders et al. (1990) . Cultures were protein complex shown in (A) has been wrapped around the surface grown to mid-log phase at 28ЊC and then shifted to 37ЊC for 2 hr. of a histone core octamer. The histone octomer is represented by Nuclei were prepared and treated with several concentrations of the cylinder, and the N-terminal domains of the individual histone DraI restriction endonuclease for 30 min at 37ЊC. Purified DNA samprotein components are labeled. The constraints on the rotational ples were then digested to completion with either EcoRI, or EcoRI and translational position of the DNA in the model are discussed plus HindIII, and fractionated by agarose gel electrophoresis. Identiin the text. The location of Mif2p is based on the known genetic cal mapping results were obtained using either digestion strategy. interactions of the MIF2 gene, and the biochemical interactions of Southern blots were probed with a labeled 0.9 kb HindIII-BamHI Mif2 protein, with the other centromere components (Meluh and fragment, and hybridization was quantified using a Molecular DyKoshland, 1995 DyKoshland, , 1997 .
namics phosphoimager. The fraction of CEN chromatin accessible to DraI was calculated as the counts in the cut band, divided by the sum of the counts in both the cut and full-length bands.
cells once suggested that these simple centromeres might be fundamentally different from the more complex Chromatin Immunoprecipitation centromeres of higher organisms. However, both Cse4p
The method for in vivo cross-linking followed by chromatin immunoprecipitation, as well as the PCR primers used to amplify various and Mif2p have amino acid sequence conservation with test loci, was described in Meluh and Koshland (1997) . Purified antithe essential mammalian centromere proteins CENP-A HA monoclonal antibody 12CA5 (BAbCO, Richmond CA) was used and CENP-C, respectively. Furthermore, just as Cse4p at a final concentration of 4 g/ml. Anti-Mif2p antiserum directed and Mif2p localize to the core centromere in S. cerevisagainst the carboxy-terminal 186 residues of Mif2p (Meluh and iae, both CENP-A and CENP-C localize to the inner kinet- ) was used at a 1:250 dilution.
ochore plate of active centromeres on mitotic chromosomes (Earnshaw et al., 1989; Saitoh et al., 1992; Immunofluorescence Microscopy Indirect immunofluorescence was performed as described (Rose et and Schwartz, 1995; Warburton et al., 1997) . These simial., 1990) except that cells were fixed for ‫1ف‬ hr to enhance detection larities suggest that a structure related to the simple of Cse4-HAp. Cse4-HAp was visualized using the anti-HA monocore centromere of S. cerevisiae may be a fundamental clonal antibody 12CA5 (BAbCO, Richmond CA) and a Cy-3 conjuunit of assembly for the inner plate of the complex kinetgated goat anti-mouse secondary antibody (Jackson ImmunoReochores of mammalian cells.
search Laboratories, Inc., West Grove, PA). Microtubules were visualized using a rabbit polyclonal serum directed against the Unlike in S. cerevisiae, structural analysis of other C-terminal 12 residues of ␤-tubulin and a FITC-conjugated goat anti- Meluh, P.B., and Koshland, D. (1995) . Evidence that the MIF2 gene of Saccharomyces cerevisiae encodes a centromere protein with rabbit secondary antibody. The anti-Tub2p antibody was generously provided by Frank Solomon (MIT, Cambridge, MA).
homology to the mammalian centromere protein CENP-C. Mol. Biol. Cell 6, 793-807.
